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Abstract 
The technique of writing depressed cladding waveguides into Nd:phosphate glass with relatively large mode field diameter in 2-
line geometry was reported for the purposes of waveguiding structures formation. The easy to use and accurate technique of 
induced refractive index measurement was proposed, and it was shown the inefficiency of widespread indirect (numerical 
aperture) technique of refractive index measurement for such femtosecond written waveguides. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Direct femtosecond laser writing is a widespread technology for waveguides formation inside transparent optical 
materials. This technique provides fast production of different photonic devices and optical integrated circuits 
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[Osellame et al. (2012), Okhrimchuk et al. (2005)], combining advantages of both solid-state and optical fibers 
technologies. Rare earth doped phosphate glass is one of the most active optical materials. It should be noted, that 
induced refractive index is negative in this material. Thus, to form a waveguide it is necessary to form depressed 
cladding rather than core with increased refractive index. Depressed cladding waveguides are of the great interest 
for glass amplifiers [Thomson et al. (2006)], which maintain their original spectral properties of core region after 
inscription process. The majority of depressed cladding waveguides have asymmetric cross section [Okhrimchuk et 
al. (2005), Homoelle et al. (1999), Quang An et al. (2014)] and it is complicated to measure the value of induced 
refractive index after inscription. Therefore, preliminary investigation of single induced tracks is the key aim before 
design and formation of induced waveguides. There is a number of techniques to measure refractive index 
distribution, such as: interferometry methods and refracted near-field (involve complicated equipment), quantitative 
phase microscopy and ܼ−scan techniques (easy to use, described in the paper), relation between numerical aperture 
(NA) and core-cladding refractive index difference (low accuracy for gradient waveguides) and chemical etching 
followed by profilometry (involve complicated absolute calibration for each material). For the purposes of 
femtosecond inscription easy to use and accurate method of permanent induced refractive index measurement is 
required. Quantitative phase microscopy followed by ܼ−scan technique is suitable for the purpose. In this paper we 
investigate phase structures induced with tightly focused femtosecond laser emission in such material of great 
practical importance as Nd:phosphate glass. The examined range of conditions is achieved with commercial lasers, 
but it is poorly investigated yet. 
2. Experimental setup 
Optical waveguides were written in the experiment following the well-known transversal scheme (see. Fig. 1) 
utilizing femtosecond laser (Fianium, FP060-PP-s) with pulse duration 450 fs, 1060 nm central wavelength and 1 
MHz pulses repetition rate. The long length structures with induced refractive index were inscribed inside 
neodymium doped phosphate glass samples (nNd = 7.4*1020 cm-3, LFS4-7.4, LZOS). The laser beam was focused 1 
mm below the sample surface by aspheric lens L1 (see Fig. 1) and long-focus lens L2, which additionally increases 
divergence of laser beam and, thus, the focal spot diameter. The following diameter of focal spot within the sample 
was nearly 7 micron. The sample was moved with computer controlled translation stage at translational velocity of 
0.8 mm/s in such a way that induced waveguides were written through the overall length of the sample (3 cm). 
Polarization of laser was kept parallel to the writing direction. The energy of laser pulses inside the sample was 
470 nJ (and additional 300 nJ was concentrated in more than 2 ps pulse pedestal). 
 
Fig.1. Schematic of experimental setup. GP – Glan prism, BE 2x – beam expander, L1 (aspheric) and L2 (long focus) – focusing lenses, XYZ – 
multi-axis positioning system.  
The cladding of the waveguide was formed by 2 parallel tracks along the sample with 25 micron gap between 
them (see Fig. 2). Each track of the cladding was written with 2-lens system for increase the aspect ratio and size of 
the structure in the direction of laser beam. Writing energy maintained below dramatic optical breakdown to prevent 
cracks formation and corresponding scattering of light. 
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Fig.2. Photographs of the waveguide induced in Nd:phospha
Arrows represent direction of the writing beam. 
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Fig. 3.Typical Z-scan 
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In accordance with comparison below, the value obtained with NA measurement (3) is one order less than the 
one obtained with the proposed combined technique (4), which is also stands in accordance with numerical 
simulation of propagation modes (MODE Solutions, Lumerical Inc.). 
5. Conclusions 
In this work we have reported the technique of writing depressed cladding waveguides into Nd:phosphate glass 
with relatively large mode field diameter in 2-line geometry, which could be helpful for development of laser 
induced optical amplification components. There was proposed a combined technique of induced refractive index 
measurement. The technique is easy to use and provides both sufficient accuracy (<10-4) and spatial resolution (<0.1 
micron). It was also shown the inefficiency of such widespread indirect technique of refractive index measurement, 
which relies on the connection between numerical aperture of the waveguide and core-cladding refractive index 
contrast. 
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